Abstract 22q11 Deletion syndrome (22q11DS) is a common microdeletion syndrome with variable expression, including congenital and later onset conditions such as schizophrenia. Most studies indicate that expression does not appear to be related to length of the deletion but there is limited information on the endpoints of even the common deletion breakpoint regions in adults. We used a real-time quantitative PCR (qPCR) approach to Wne map 22q11.2 deletions in 44 adults with 22q11DS, 22 with schizophrenia (SZ; 12 M, 10 F; mean age 35.7 SD 8.0 years) and 22 with no history of psychosis (NP; 8 M, 14 F; mean age 27.1 SD 8.6 years). QPCR data were consistent with clinical FISH results using the TUPLE1 or N25 probes. Two subjects (one SZ, one NP) negative for clinical FISH had atypical 22q11.2 deletions conWrmed by FISH using the RP11-138C22 probe. Most (n = 34; 18 SZ, 16 NP) subjects shared a common 3 Mb hemizygous 22q11.2 deletion. However, eight subjects showed breakpoint variability: a more telomeric proximal breakpoint (n = 2), or more centromeric (n = 3) or more telomeric distal breakpoint (n = 3). One NP subject had a proximal nested 1.4 Mb deletion. COMT and TBX1 were deleted in all 44 subjects, and PRODH in 40 subjects (19 SZ, 21 NP). The results delineate proximal and distal breakpoint variants in 22q11DS. Neither deletion extent nor PRODH haploinsuYciency appeared to explain the clinical expression of schizophrenia in the present study. Further studies are needed to elucidate the molecular basis of schizophrenia and clinical heterogeneity in 22q11DS.
Introduction
22q11 deletion syndrome (22q11DS), also known as velocardiofacial or DiGeorge syndrome (MIM #188400/ #192430), involves a hemizygous interstitial microdeletion at 22q11.2 which occurs in an estimated 1 in 4,000 live births, making 22q11DS the most common microdeletion syndrome (Devriendt et al. 1998) . The deletion is clinically detected by Xuorescence in situ hybridization (FISH) (Driscoll et al. 1993 ), usually using a TUPLE1 or N25 probe from the proximal commonly deleted region. The 22q11DS phenotype is highly variable, with over 40 common features, including congenital anomalies and later onset conditions, such as psychiatric disorders . Individuals with 22q11DS have a 20 to 30-fold increased risk for developing schizophrenia over the general population rate Murphy et al. 1999) , suggesting that hemizygosity of one or more genes mapping to the 22q11.2 region may underlie susceptibility to psychosis in 22q11DS.
The 22q11.2 genomic region is known to be polymorphic and to carry a number of low copy repeats (LCRs), which have been proposed to play an important role in the observed high frequency of 22q11.2 deletions. Further it has been proposed that the breakpoints of 22q11.2 deletions usually occur within these LCRs. However, this has only been demonstrated for a small number of 22q11.2 deletions. Although most individuals with 22q11DS have a similar "common 3 Mb deletion", a minority have other overlapping and non-overlapping 22q11.2 deletions (Amati et al. 1999; Saitta et al. 2004) . In other microdeletion syndromes such as Williams syndrome, some aspects of the phenotype appear related to the length of the deletion (Stock et al. 2003 ). In contrast, most studies of 22q11DS have found no evidence for such an association (Carlson et al. 1997; Kurahashi et al. 1997; Lindsay et al. 1995; Saitta et al. 2004) . Some recent studies have reported possible genotype-phenotype correlations, but these were based on small samples of patients with uncommon deletions and congenital phenotypic features (Bartsch et al. 2003; Rauch et al. 2005) . Few studies (Jacquet et al. 2002; Karayiorgou et al. 1995; McQuade et al. 1999 ) have included common late onset phenotypes such as schizophrenia and Wnely mapped breakpoint regions to help determine which genes would be included in deletions. For example, candidate genes for schizophrenia, COMT and PRODH coding for catechol-O-methyl transferase and proline dehydrogenase enzymes, respectively, would be assumed to be included in virtually all of the »3 Mb 22q11.2 of the FISH deletions conWrmed using conventional TUPLE1 or N25 probes, based on assumptions about common deletion breakpoint regions (Saitta et al. 2004) .
In this study we used real-time quantitative polymerase chain reaction (qPCR) analysis involving SYBR Green chemistry ) to map 22q11.2 deletions in 44 well characterized adults with 22q11DS, 22 with schizophrenia and 22 with no history of psychotic features. This method allowed us to detect several recurrent deletion breakpoint regions and delineate two atypical deletions not clinically detectable using standard FISH probes. We found no evidence for association of 22q11.2 deletion variants with expression of schizophrenia. TBX1 and COMT genes, but not PRODH, were contained within the 22q11.2 deletions of all 44 subjects.
Materials and methods

Sample and clinical assessment
We investigated 44 unrelated adults aged 20 years or older having clinical diagnoses of 22q11DS and either schizophrenia/schizoaVective disorder or no lifetime history of any psychotic disorder or symptoms, and who had suYcient qPCR data to determine the length of the 22q11.2 deletion. We ascertained subjects as previously described , through the Toronto Congenital Cardiac Centre for Adults (Toronto General Hospital), Clinical Genetics Research Program, Centre for Addiction and Mental Health (CAMH) and other psychiatric-related sources, Clinical and Metabolic Genetics Clinic (The Hospital for Sick Children) and as transmitting parents. All subjects met clinical screening criteria for 22q11DS and had standard clinical FISH studies using a TUPLE1 (Vysis) or N25 (ONCOR) probe. One subject with schizophrenia was known to have inherited the 22q11.2 deletion. Informed consent was obtained in writing, and the study approved by the Research Ethics Boards of the University of Toronto, Centre for Addiction and Mental Health, and University Health Network.
As previously described, subjects had comprehensive medical and psychiatric assessments using standard methods . Subgrouping of the sample was based on the presence of schizophrenia or schizoaVective disorder that met DSM-IV criteria, or the absence of any lifetime history of psychosis. Age at onset in the schizophrenia group was deWned as age at onset of psychotic symptoms. Family history of a psychotic disorder was determined for Wrst degree relatives of subjects.
Real-time quantitative PCR
Genomic DNA was obtained from fresh or cultured lymphocytes using standard procedures. Real-time quantitative PCR (qPCR) was performed using SYBR Green I PCR Master Mix (Applied Biosystems, Foster City, USA) and the ABI Prism 7900 high-throughput sequence detection system. Primer selection, conditions and optimization methods were as previously described for ten of the primer sets and six of the sub-jects with 22qDS . In brief, we used publicly available databases to design primers with unique sequences, free of intra or inter-chromosomal duplication or other trivial repeats, based on the July 2003 human reference sequence (UCSC version hg16, based on NCBI Build 34). QPCR experiments were then run in triplicate for each subject and copynumber alterations calculated as previously described to determine the copy number threshold values consistent with the presence of hemizygous 22q11.2 deletions . For raw data from each sample, reference primers (G6PDH, HEM3) were used to control for varying amounts of DNA and four control samples were used to normalize and calculate threshold cycle ratios, which were then translated into fold changes, using standard methods. Conclusive results were assigned when two of three Wndings fell in the same range of §0.5 Ct, inside the value 0.24 standard deviation. The interval ¡0.75 to ¡1.35 was deemed consistent with loss of one copy (hemizygous microdeletion), and ¡0.35 to +0.35 to indicate two copies (no loss). QPCR experiments were repeated using reextracted DNA samples for out-of-range uncorrelated results.
The initial screen of the 22q11.2 region used 21 primer sets, where possible selecting sequences from exonic regions of genes, with the goal of »200 kb resolution. Eleven primer pairs were used to span the commonly deleted 3 Mb region (PRODH, DGCR2, DGCR14, TUPLE1, COMT, ZNF74, PIK4CA, CRKL, LZTR1, SLC7A4, D22S936), three primer pairs from the proximal Xanking region (D22S181, TUBA8, USP18), and seven from the distal Xanking region (HIC2, UBE2L3, G31074, D22S1248, VPREB1, rs2519503, G15854). Once deletions were determined, we selected and designed an additional 15 primer sets (total 36 qPCR primer sets) to better map breakpoint regions. For the proximal breakpoint region between TUPLE1 and COMT (genomic distance of »639 Kb) of the two atypical deletions (ID 1 and 23, Fig. 1 ), we selected ten additional primers (RM40, UFD1L, CDC45L, BC042982, CF798466, SEPT5, GPIBB, AA195001, TBX1 and GNB1L). For the distal endpoint of the nested short deletion (ID 24, Fig. 1 ) between COMT and ZNF74 (genomic distance of »767 Kb), we selected Wve additional markers (ARVCF, RANBP1, RTN4R, SHGC-173648, SHGC-172569).
FISH studies
All subjects had standard clinical FISH studies using a TUPLE1 (Vysis) or N25 (ONCOR) probe. For the two subjects with atypical deletions negative for the clinical probe, BAC probe RP11-138C22 containing the COMT primer set, was selected for FISH analysis to conWrm qPCR results. The BAC originated from the RPCI library 11 of BAC clones (Osoegawa et al. 2001) , obtained courtesy of the Centre for Applied Genomics at the Hospital for Sick Children (Toronto, Canada). Both ends of the RP11-138C22 clone (AQ383658 and AQ383661) are free of repeats and map with 100% identity only to cytoband 22q11.21 in the interval 18253741-18429812. RP11-138C22 is 176 Kb in length, contains the COMT gene and maps »510 Kb telomeric to TUPLE1. Metaphase chromosome spreads were prepared for FISH analysis according to established cytogenetic and hybridization protocols (Beatty et al. 2002) . BAC DNA from RP11-138C22 was extracted by standard alkaline lysis and phenol-chloroform extraction and directly labelled with Spectrum Green-dUPT by nick translation using the Vysis Nick Translation Kit (Abbott laboratories, Chicago, USA). Following hybridization the slides were counterstained with DAPI and mounted with Vectashield, an antifade mounting medium (Vector Laboratories, Burlingame, USA). Assessment of the BAC location and hybridization eYciency was carried out on lymphocytes prepared from a normal female donor. At least ten metaphase spreads were analyzed from each sample using the Vysis Quips FISH Imaging System (Vysis Inc., Chicago, USA).
Results
Clinical characteristics
All individuals with 22q11DS included in the study had standard phenotypic assessments , and clinical FISH analysis. Forty-two of forty-four had conWrmed a detectable 22q11.2 deletion using TUPLE1 (n = 16) or N25 (n = 28) clinical probes. There were no signiWcant diVerences in sex distribution ( 2 = 1.47, df = 1, p = 0.23) or ethnicity (Fisher's exact p = 0.11) between the 22 subjects in the schizophrenia group (12 male, 10 female; 18 Caucasian) and 22 in the non-psychotic group (8 male, 14 female; 22 Caucasian). Subjects with schizophrenia were signiWcantly older than those in the non-psychotic group (mean age 35.7 SD 8.0 years and 27.1 SD 8.6 years, respectively; t = 3.42, p = 0.001). Median age at onset of psychosis was 19.5 years in the schizophrenia group. There was a family history of a psychotic disorder in one subject from the schizophrenia group and one from the nonpsychotic group. 22q11.2 deletions Figure 1 shows the qPCR 22q11.2 deletion results for the 44 subjects, which are summarized in Table 1 . These data were consistent with the clinical deletion status ascertained by FISH analyses with the commonly used TUPLE1 or N25 probes. The results show that the deletion interval for the majority of subjects (n = 34, 77%) mapped proximally between USP18 (not deleted) and PRODH (deleted), and distally between D22S936 (deleted) and HIC2 (not deleted), spanning about 3.1 Mb. There were no signiWcant diVerences in frequency of this common deletion between the two phenotypic subgroups (n = 18 with schizophrenia, n = 16 with no psychosis; 2 = 0.51, df = 1, p = 0.47). Amongst the 10 (23%) subjects who did not have the common 3 Mb 22q11.2 deletion, there were six other deletion variants detected. In addition to the proximal and distal breakpoint region seen in common deletions, these six variant deletions included two proximal and three distal breakpoint variants (Table 1) . These deletion variants involved one to three subjects each and appeared approximately evenly divided between the two phenotypic subgroups, (Table 1) . These "atypical" 22q11.2 deletions were conWrmed by FISH analysis using the RP11-138C22 probe (Fig. 2) . These deletions shared the same proximal breakpoint region centromeric to the SEPT5 locus but had diVering distal breakpoint regions. One of these breakpoint regions mapped to the same location as that in the common 3 Mb deletion and the other was the same as the more distal breakpoint variant found in two other subjects (ID 41 and 42, Fig. 1 ).
The TBX1 and COMT genes were included in the deletions of all subjects assessed (Fig. 1) . The PRODH gene was included in the deletions of 40 (91%) of the 44 subjects, including 19 (86%) with schizophrenia and 21 (95%) with no psychosis. In this sample of 44 subjects, all 22q11.2 deletions mapped shared a region spanning about 300 Kb that included proximal marker SEPT5, in the two atypical deletions, and distal marker ARVCF, in the proximal nested 1.4 Mb deletion; Xanking markers spanned about 518 Kb (Table 1) . The 22 subjects with schizophrenia shared a longer deletion region, extending from SEPT5, in the atypical deletion, to SLC7A4, in the centromeric distal variant 2.6 Mb deletion (Fig. 1, Table 1 ).
Discussion
Common deletion variants and recurrent breakpoint regions
Our results showed that the majority of the 44 adults with 22q11DS studied shared a common 3.1 Mb hemizygous deletion of 22q11.2, consistent with the literature (Carlson et al. 1997; Kurahashi et al. 1997; Lindsay et al. 1995; Saitta et al. 2004 ). We reWned the proximal breakpoint location to a »250 Kb segment between USP18 and PRODH, and the distal breakpoint to a »350 Kb segment between D22S936 and HIC2. Although diVerent methods, markers and maps have been used, this present study provides greater mapping density than most previous studies. Previously published analyses of the proximal breakpoint have been reported between D22S427 and D22S1638 (»400 kb) (Carlson et al. 1997; Kurahashi et al. 1997; Vittorini et al. 2001) . However, the location of the telomeric breakpoint has not been conclusively mapped to one showing two copies of chromosome 22q11 using the RP11-138C22 probe. Individuals 1 (b) and 23 (c) are negative by FISH analysis for the TUPLE1 probe but are positive for the deletion using the RP11-138C22 probe due to the extent of their deletion, which was conWrmed by qPCR analysis (Fig. 1) location as published studies implicate slightly diVerent regions: D22S935/936 to D22S1709 (»850 Kb) (Carlson et al. 1997 ), D22S935 to D22S938 (»930 Kb) (Kurahashi et al. 1997) , and D22S1709 to D22S306/308 (»1.1 Mb) (Vittorini et al. 2001) . Our results are consistent with another study (Jacquet et al. 2002 ) that used a similar qPCR method with slightly less map coverage (n = 23 probes) in 14 patients with 22q11DS. Nearly one quarter of the 44 individuals studied showed variations on the most common »3 Mb 22q11.2 deletion, including three variants of this deletion, a short nested deletion, and two atypical deletions. All of these showed recurrent breakpoint regions within this sample (Table 1 ; Fig. 1) , with the exception of the short nested 1.4 Mb deletion (ID 24), which had a distal breakpoint in a »100 Kb segment between ARVCF and RANBP1. This deletion appears similar to the 1.5 Mb deletion previously described (Carlson et al. 1997; Kurahashi et al. 1997; Lindsay et al. 1995; Saitta et al. 2004) , with breakpoints between D22S933 and ZNF74 (»706 Kb). The distal deletion breakpoint of these proximal nested deletions is commonly believed to be in LCR-B (Saitta et al. 2004) , although this would not appear to be the case for the 1.4 Mb deletion we found (Fig. 1) .
Improved resolution with the method we used allowed detection of three variants of the common 3 Mb deletions, in 17.1% of 41 subjects with 2.6-3.2 Mb deletions. These included breakpoint variants proximally between markers PRODH and DGCR2, a distance of »209 Kb, and distally between markers SLC7A4 and D22S936 (»65 Kb) or between HIC2 and UBE2L3 (»115 Kb) (Fig. 1, Table 1 ). Variants of 3 Mb deletions have been reported previously (Matsuoka et al. 1998; Saitta et al. 2004; Urban et al. 2006 ). It appears likely though that, due to lower resolution methods, some of the "common 3 Mb deletions" reported in previous studies may have included both the most common 3.1 Mb deletion as well as the type variants found in our study.
Previous reports of "atypical variant" deletions support our current Wndings of recurrent breakpoint regions for deletions that Wt the "common deletion sizes". Even the two atypical deletions we found shared distal breakpoint regions with the common 3.1 Mb deletion or its longer variant (Fig. 1, Table 1 ). These atypical deletions also shared a common proximal breakpoint. These deletions and/or their breakpoint regions may be similar to atypical deletions previously reported (Amati et al. 1999; Levy et al. 1995; Lu et al. 2001; McQuade et al. 1999; Vittorini et al. 2001) , further supporting the possibility of several recurring breakpoints in the 22q11.2 region.
Breakpoint position and repeat elements
The results of this study are consistent with those of many other studies indicating that the breakpoint regions for the common 3.1 Mb 22q11.2 deletion are in low-copy repeat (LCR) segments, speciWcally the 240 Kb LCRs termed LCR22-2 and LCR22-4 (Lindsay 2001) , or A and D (Saitta et al. 2004 ). These LCRs are estimated to mediate »90% of 22q11.2 deletions (Saitta et al. 2004 ). However, for variant »3 Mb deletions, such as that with a telomeric distal breakpoint Xanked by HIC2 and UBE2L3, it is unclear whether LCRs or other repeat elements are involved. The high density of LCRs and other repetitive sequences in 22q11.2 make this the region of the human genome most prone to rearrangements (Babcock et al. 2003) . Breakpoints outside of LCRs may be mediated by other repeat elements present in the 22q11.2 region, likely including Alu elements which are known to play a role in modulating genomic architecture (Babcock et al. 2003; Shaw and Lupski 2005) . Our results support the recurrence of breakpoints in speciWc regions of 22q11.2 but not necessarily in speciWc sites containing LCRs in 22q11. Other reported breakpoints outside of the LCRs include translocation breakpoints (ADU and GM00980), and interstitial deletion breakpoints (Carlson et al. 1997; Levy et al. 1995; McQuade et al. 1999) ; however, it is unknown whether or not these are recurrent and also which speciWc repeat elements are involved. Similar breakpoints are known to be associated with uncommon deletions in other microdeletion syndromes, and may have important implications for deletion mechanisms (Shaw and Lupski 2005) .
22q11.2 deletions and schizophrenia in 22q11DS
Few previous studies have used Xanking markers to determine the extent of 22q11.2 deletions in individuals with 22q11DS and schizophrenia (Jacquet et al. 2002; Karayiorgou et al. 1995; McQuade et al. 1999 ). In our study, the 22q11.2 region shared by all 22 adults with schizophrenia included COMT and most of the telomeric half of the 3.1 Mb common deletion, but not PRODH (Fig. 1) . However, this telomeric region was not included in a proximal nested »1.5 Mb deletion (Karayiorgou et al. 1996) or atypical deletions (Jacquet et al. 2002; McQuade et al. 1999 ) associated with schizophrenia in other cases, suggesting that longer deletions or hemizygosity of distal genes may not be necessary for expression of psychosis in 22q11DS. The COMT locus was included in the proximal nested deletion (Karayiorgou et al. 1996) , and an atypical »750 Kb interstitial deletion (McQuade et al. 1999) .
PRODH, but not COMT, was included in a »350 Kb (PRODH-DGCR6) interstitial deletion in two sisters with schizophrenia and their unaVected mother (Jacquet et al. 2002) , and in a 22pter-22q11.2 deletion associated with a translocation (11;22) in a woman (GM00980) and her adult daughter (AP1268) with schizophrenia spectrum disorder (Karayiorgou et al. 1996) . Taken together, biallelic expression of the COMT and the PRODH loci would not appear to be essential for expression of schizophrenia in 22q11DS.
Phenotype and 22q11.2 deletion extent
Consistent with most studies of 22q11DS that primarily examined major congenital features (Carlson et al. 1997; Kurahashi et al. 1997; Saitta et al. 2004) we found no evidence for genotype-phenotype associations using a schizophrenia phenotype. Our study, like others with few individuals having any single variant deletion, had insuYcient power to detect modest eVects of deletion extent. However, especially considering the signiWcant within family phenotypic variability of identical 22q11.2 deletions, there is little evidence to date for signiWcant eVects of deletion length on major phenotypes of 22q11DS (Yamagishi and Srivastava 2003) .
The relatively small deletion region shared by all 44 adults with 22q11DS in our study includes TBX1 and COMT and would overlap with most, but not all, 22q11.2 deletions. Other "minimally deleted regions", sometimes termed "single region of overlap" or "critical region", have previously been reported in larger samples of patients (Carlson et al. 1997; Kurahashi et al. 1997) . Consistent with the possibility of multiple 22q11.2 regions for 22q11DS (Amati et al. 1999 ) however, there are several 22q11.2 deletions associated with a 22q11DS phenotype, which would not overlap with our "minimally deleted region", proximally (Amati et al. 1999; Karayiorgou et al. 1996; Lu et al. 2001) or distally (Kurahashi et al. 1997; Rauch et al. 2005; Saitta et al. 1999) .
Identifying deletion variants has implications for the speciWc genes involved in expression of schizophrenia and other phenotypes. However, accumulating evidence supports the likelihood that several genes within the 22q11.2 region may be necessary for expression of major 22q11DS phenotypes and that genes from other areas of the genome can modify the eVects of 22q11.2 hemizygosity (Guris et al. 2006; Yamagishi and Srivastava 2003) . The common 3 Mb deletion contains more than 40 known genes from PRODH to D22S936 inclusive (UCSC Genome Browser, v128 http:// www.genome.ucsc.edu). TBX1 has been shown to play an important role in congenital heart defects and other anomalies related to pharyngeal apparatus development in 22q11DS (Lindsay 2001) . Interestingly, a recent study suggests TBX1 may play a role in behaviour as well (Paylor et al. 2006) .
Advantages and limitations
Limitations of the current study include assay resolution, small sample size, ascertainment bias, and age diVerence between groups. The qPCR method used has advantages over many previous studies. For example, studies using polymorphic markers may be limited by low informativeness, density and span of markers. The Xanking markers often used (e.g., D22S427, D22S306/308) would not be able to detect the breakpoint variants found in this study. We estimated deletion size (Table 1) conservatively, based on the genomic extent of those markers found to be hemizygous but deletions may extend close to Xanking markers.
Most studies report infants and children with 22q11DS, particularly those with congenital heart defects and other congenital defects and there is limited information on later onset features of the syndrome or eVects of ascertainment . The current study of 22q11.2 deletions used the largest sample of adults with 22q11DS, or with 22q11DS-schizophrenia, yet reported. However, power was still insuYcient for statistical analyses of individual deletion variants. Other 22q11.2 deletion variants, including deletions that do not overlap the common 3.1 Mb deletion (Rauch et al. 2005; Saitta et al. 1999) , undoubtedly exist in the population but small sample size and ascertainment bias for deletions detectable by routine diagnostic testing would minimize the chance of their detection. We limited our study to the schizophrenia phenotype. There is a possibility that some non-psychotic subjects may develop schizophrenia in the future, which would have decreased power to Wnd diVerences between phenotypic subgroups. We minimized this by using a sample older than the median age of onset of psychosis, but the frequency of the common 3 Mb deletion also makes it unlikely that this possibility would have had a substantial eVect on the results.
In conclusion, the results demonstrate that qPCR can determine deletion span and breakpoint regions and identify 22q11DS patients with 22q11.2 deletions not detectable by standard clinical FISH testing. Although a 3.1 Mb deletion is clearly most common, there are several variants in length, position and precise breakpoints for 22q11.2 deletions. There was no correlation of SZ expression with deletion extent, and PRODH hemizygosity did not appear necessary for expression of psychosis in 22qDS in our sample. Further studies are needed to elucidate the molecular basis of schizophrenia in 22q11DS.
